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Magnetic Refrigeration: the Promlse and the Problems

J. A. Barclay, Project Leader
Group P-10, MS-K764

Los Alamos National Laboratory
Los Alamos, NM 87545

ABSTRACT——

Magnetic refrigeration uses the temperature-
and field-dependenceof the entropy of some
nIWIetlC materials to accanplish cooling.
Because of the Intrinsically high efficiency
of the magnetization and demagnetization
process a,ldbecause of the potential for
excellent heat transfer between solids and
flulds, magnetic refrigeratorspromise to
have higher efficiency than existing gas-
cycle rnfrlgeratorso Many ground-based and
space-basedapplicationscould benefit
slgnif!cantl~from the cost savings implied
by higher efficiency. Other attributes of
these devices are high rellablllty and low
volume ar,amass per unit cooling power. The
develop.mntof these refrigerators Is under-
way at sevaralplaces araund the world,
including tha Los Alamos National Laboratory.
Tha proqress to date has been encouraging
but sam problems Frnvebeen clearly ldenti-
ffed. The arguments for Hgh efficiency and
the problems that will need to be salved to
achievs!this gaal are discussed.

INTRODUCTION——

Important features of refrigerators include
offlclency, wlfabflit~, lifetime, size, and
mass. Ths efflclent liquefaction af crya-
gon~, such as liquid hydrogen, is Important
becaust the Iiquefac:lan co~t Is a si$nifl-
cant fraction of th~lr total cost. The
cnsts of Itquid nitrogen and ,Iquld oxygen
are also tightly coupled to the cast of
refrigartt~on for alr separation, At
present, all of the rafrigwatlo,!rdquired
to produca cryogens is pravided by gas-cytie
devfces lnwhlch gas is compressed ‘n une
part of the cycle ta reject heat from the
gas aridexpanded in another part of tho

cool and eventually llque;y the
~~~!f ‘!ifetimc and relfability studies of
refrlgerotorsare lim:ted to spe~lffc design

tests, but several studies of efficiency as
a function of cooling power of gas-based
refrigerators for cryogens have been

%lj~K!~ ~!!~’’’~~ng c~Pil ations of masse main sources of ineffi-
ciency are the room-temperaturecompressors
with their associated aftercaoler% and the
gas expandarsm Generally, the compressors
dnd expanders are the least-reliablecompo-
nents too. All of the efficiency studl~s
agree that ~35Z of Carnot efficiency is the
best that is now passibla, but then only for
very large plants. For smaller machines,
the fraction of Carnot efficiency can become
very small, e.g., 1-W refrigerators gener-
ally oper te In the range 2-8Z of Carnot.

!One study on liquid hydrogen indicates that
no significant advances in liquefaction
efficiency are probable by the year 2000
Un’lessvery large investmentsare made in
research and development. Therefore, it is
important to investigateother promising
technologle~ to see if they offer higher
efficiency with less Investment, One such
technology isomagnetic refrigeration (MR),
MR exploits the temperature and magnetic-
fleld dependence of the magnetic entropy of
some solid materials to extract heat from a
low-temperature source and transfer it to a
higher tempelcture sink. The temperature
change assocloLed with the applicationor
rnmoval of a magnetic field to an isolated
samplo 1s called the magnetocaloric effect.
This paper prelents several reasons why
magne*ic refrigerationoffers significant
promise and identifies same of the problems
that must be overcome before this premise 1s
realized,

FUNMFIENTALS OF RAGNETIC REFRIGERATION..——

Any refrigeration system requires sc+nemecha-
nism to increase or decrease the ●ntropy of
a working substance. In addition, heat
trfinsfarat appropriate times during a cycla



is necessary, Further analysis of visrlous
magnetic refrigerator designs produces a list
of the functions required to execute the
thermodynamiccycles. A sumsary of functions
in the basic magnetic cycle over a large
temperature span such as 20 to 77 K is given
below:
.

.
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magnetization of ferromagnetsnear the
hot temperature to reject heat to a sink
such as liquid nitrogen, by circulation
of a heat exchange fluid, such as helium
gas;
regenerationof the magnetic material to
cool.it to near the cold temperature
(20J); this regeneration requires heat
transfer between an external regenera-
tive material or the magnetic materiml
ttself and a moving heat transfer fluid;
denragneiizationof the ferromagnet rtear
the cold temperature to absorb heat from
a load, such as hydrogen by circulation
of a he~t exchange fluid, such as helium
gas; and
regenerationof the maanetic material to
wa% it to near the hoi temperature
(77 K); as before, this regeneration
requires heat transfer between a regener-

ator material and a moving heat transfer
fluid.

The work for the ❑agn~tic cycle is provided
by a motor working against the difference in
forces during the ma~netlzation and demagnet-
ization. The cycle rwquires either moving
the material or the magnet or some equivlent
change. The rate of mowma;tt through the
magnetic cycle is very slow cmmpared to many
gas cycles; ranging from zO.1 Hz to~l Hz,

THE PROMISE OF 14AGHETICREFRIGERATION

Magnatic refrigeration is an unproven techno-
10 but it dots have several attributes

?-”wh ch make it worthy of development. The
first and perhaps most exciting is the pros-
pectofnuch higher offfclency than existing
gas-cycle refrigeratorsar liquefiers. In
genertl tens, this claim is based upon two
arguments. First, the magnetization and
demdgnetizatior!of a magnetic solid providas
an entropy change that is reversible at low
frequencies,such as 1 Hzwhfch a?e the
normal operating frequenciotof magnttfc
refrigerators. Secondly, tho hut trcnsfer
fnmagnttlc r~frl @raters Is botvmna solid

?and a gas, whith i intrinsicallybettor
than gas-to-solid-to-gas,as is required in
gas-cycla devices,

An analyais of the sources of inefficiency
in magnetic cyclesg clearly fndicatea that
the biggest fundamental source of irrevers-
ibility in magnetic refrigeratorsis that
due to heat transfer acros~ a temperature
difference in the regenerativ~ parts of the

cycle. From reference 8, the rate of work
of a magnetic cycle can be wfitten as

i.Qc LL, mli)d’()Tc dT

.IiilIuk+:+; (,)

dT d’

and the relative efficiency’canbe written
as

Qc()‘H , ,~.,_—-

‘TOTAL ‘C

(2)

~here & is the reversible cooling p~r,
wi Is power added externally to move fluid,
41 is power introduced throwgt he t ?onduc-

!t}on frcm the surroundings,and A lRR is the
r~te of irreversibleentropy production from
different mechanisms. The irrevarsiblllty
due to heat transfer across a temperature
difference In the regenerative parts of the
cycle was retailed in the expressions abave
a,lda quantitative expression waa evaluated,
given as

(3)

I ‘H

] ‘c

Following the analysis, the resultant effi-
ciency expressions were written as

1
=1+

+

12 ‘H -TC _

ii
‘tu } ‘1()

‘ATc
(4)

for the tamperatur;ra;go whero the heat
capacity of the ma ●tic solld fs approxl.
matoly constant. Ilju fs the numhtr Jf heat
transfer units In the reg~c~rative-cycleSt?p
andATc 1s the adi&batic temperaturec$ange
at the co’ldend of the cycle. The hot and
cold temperatures tireT and Tc, respec-
tively, PUhan the solid .aatcapacity is a
linear function of tmnperature, the effi-
ciency cxpressior,becws

. . .



‘“l+*-”(’)
The analysis in reference 8 shows that
magnetic refrigerator spanning 4 K to 300 K
can be considered in three ranges on the
basis of regeneration. The rdnge 4-20 K
needs little or no regeneration, the range
20-150 K needs regenerationwhere the heat
capacity of the working solid is approxi-
mately linear in T, and the range 150-300 K
needs regenerationwhere the heat capacity
is approximatelyconstant. Prcjected effi-
ciencies for several 4-20 K stages are :~70%
of Carnot. Optimistic estimate? of numbers
for a nlagntic refrigeratoroperatin9 above

120F are Nu s500and ATc SS15K. Substi-
tution ofthese values into Eqs. (5) and (4)
for the 20-150 K anh 150-300 K range, respec-
tively, gives n (20-”150K) = 81% and n
(150-300K) ● 98%. When the efficiencies of
the three stages are combined, the resultant
efficiency is a very impressive 62% of Carnot
for a 4.ti-t~-300K ma$letic refrigerator.
For hydrogen liquefaction applications, the
amount of cooling power at 4 K to maintain
the liquid-helium for the magnets will be
very small compared to the cooling power at
and above 20 K. In this case, the potential
efficiency for the example above approaches
10% of Carnotj Clearly, the other lrreversi-
oilitles In the refrigeratorwill lower the
efficiency but they should be small compared
to the regenerative heat transfer irreversi-
bility and so the overall efficiency Is
potentiallyextremely high compared to 35%
or less for conventional systems.

T’H~ pRoBLEfIfs OF MAGN~TIc REF~I&ERATIoN

As with any new technology, there are some
problems that must be solved in order to
achieve the final result. The equations
already presented pinpoint $ome of the prob-
lem areas. FromEq, (4) it is clear that

the efficiency is strongly dependent upon
the adiabatic tt?mperaturfichange ATc. For

?
adolinium metal near its Curie temperature
290K), the adiabatic temperaturechenge is
approximately2 K per Tesla up to %9 [ for
a upper limit of *~20 K, When intermetallic
coumpounus of ga,iollniumare used to obtain
the lower Curie temperatures, for example,
GdNi at N70 K. the adiabatic temperature
chango decrease because of thQ added nickel,

iMaasuswi values 0 of the adiabatic tempera.
‘ture c \nge forGdNi show about 12 K at 9 ‘1

P
ri ht at the Curie temperature. Avera e

!AT s over a 20-30 K span abnut the Cure
temperatureare 25-40% 1sss. Therefore, one
problem is to find magnetic materials that
have the largest possible adiabatic tempera-
ture chenges.

Associated with the above problem is the
reduction of the adfabatic temperature
change by the thermal addenda of the struc-
ture containing the refrigerant. The
problem reduces I.Ogeneration of clever
designs that can satisfy the structural
demands and, at the same time, have
extremely small thermal mass.

For ferromagnets near their Curie tempera-
ture, the adiabatic temperature change is
almost linearly proportional to the field
strength. Therefore, the largest practfcal
magnetic field must be used to produce the
largest adiabatic temperature change. For
standard solenoids, made from readily avail-
able NbTf superconductor,9T fs dn uppe?
limit at4.2 K, but fields above 10 Tcau be
reached if the magnet is cooled to 1.8 K.
If Nb3Sn is used as the supercoilductor,
lllil!JIWtiC fields of 15 T Can b~ obt~ined but
at the expense of significant manufacturing
difficultfas. Magnetfc refrigerator designs
have been made that u~e racetrack and helm-
holtz or even more exotic-shaped coils.
Because these coils have ,?poorer ratio of
field at the center of the coil to field in
the windings than for a solenofd, it is more
difficult to ~:hieve high fields in the
working space. If shapes other than sole-
noids are needed, a development effort will
be required to achfeve magnets provldfng
working ffelds of 9-10 T or hfgher.

Equation (4) also shows that the number of
heat transfer units in the regenerative
parts of the cycle strongly Influences the
overall efficiency. The Nt is defined as

HaAc/tiC , whereo is the con uctance between
!the so id and fluid,

$
is the surface area

of the solid that the luld contacts, h and
C are the mass flow rate and heat capacity
!o the fluid, respectively. Because the

conductance between the fluid and solid is
intrinsicallyliwlted by the thermal conduc-
tivity of the boundary layer of fluid on the
solid, the contact area has to be increased
as much as possible to obtain the highest
Ntu. Geometries such as tubes, sheets, and
particles have very large surface areas per
I!nitvolume if the dimensions are carefully
chosen. However, the Ntu can not be arbi-
trarily increased by increasing tho contact
area because the pressure d~op also rises
rapidly in geometries where the surface area
is increased by making all of the flow chan-
nels very small, The longitudinal2onduc-
tlon of the geometry is also of importance
in the design of efficient regenerators,
Tho optimum balance of heat transfer, pres-
sure drop, and longitudinal conduction in
maqnetlc-material structures suitable for
cyclic movement to execute a regenerative
cycle is definitely one of the key problems
in magnetic refrigeration.



The structural design Is Important because
of the large forces betwen the magnetic
solid and the magnetic field of the magnet.
On~ of the problems that mustbe CarefUllY
addressed during the design Is how to cancel
the magnetic forces from one part of the
cycle against those of another part of the
cycle. For example, in a reciprocating
design, the cylinderof magnetic solid Is
strongly attracted Into the nuqnet during
magnetization and slightlymore strongly
attracted by the magnet during demagneti-
zation. The difference betwsen these two
large forces Is the net force that provides
the cycle wnrk. If two cyllnders are
arranged so that the forces almost cancel,
the structure separating the two cyl+nders
must be designed :0 withstand the large
compressive stress but not thermally short
circuit the cylinders.

Two further problems that must be addressed
are Illustrar-d by tha following expression
for the rata of total refrigeratorwork,
i.e.,

w .. XF ● W
‘TOTAL ■ iii

—,
npump

(6)

where ~REF is the rate of w~rk from the
refrigeratorCycle, ndrive is the efficiency
of the motor ~nd drive providing the refrig-
erator work, w is the external work rate
from the fluid pumps andnpum is the pump
efficiency. !The pump,work ra e 4 is gerier-

ally much lowr than H EF so the drive-motor
!and gear+nect,anismeff ciency is directly

related to the overall refrigeratoreffi-
ciency. Unfortunately,ordinary AC synchro-
nous motors geared down to ~1 Hz have effi-
ciencies near 25z of ideal which, would
Ilmit the refrigeratorefficiency to 25% of
Carnot. To achieve the higt?efff-iency
projected earlier, drive rmtor/mechanisms
with 90-95% of fdt?dl efficiency have to be
developed, Efficient and reliable low-
temperaturepumps definitely have to be
developed before magnetic refrig~ratorscan
achieve their potentfal long life and high
reliability.

External heat exchangers are the last major
problem area that nust be considered, partic-
ularly into a multistage refrigerator. If
evary stoqe spanning “-40F’re uires over-

1lapping heat exchangers, “t e feet on the
overall efficiency is very serious, Ideally,
new Itaging concepts wfll rlirninateseparate
heat exchangus for each material and require
onl the cold source exchangar and the hot

iSIN exchanger,

CONCLUSION

The potential elimination of the canpressor
and after-cooler of a conventional gas-cycle
liquefier ~nd the possibility of t!xce:lent
regeflerativeheat transfer gives MR prc+nise
for much higher efficiency than gas cycle
devices. Higher efficiency has many cost
benefits for large-scale ground based appli-
cations, such as liquefactionof hydrogen
for shuttle flights. Space-station appli-
cations, such as cryogen fuel storage and
handling, will also need efficient refriger-
ators to help reduce system costs. High
efficiency is one of the most exciting
features of MR, but because of the low speed
and relatively fewraoving parts, the
reliability and lifetime of these devices
also promises to be excellent. For some
space missions, this feature is even more
important than the efficiency. Uesigns with
clearance seals and hermetic power couplings
are possible and should add to the reli-
ability. Bearing lifetime will have to be
considered but balanced mechanical loads
should avoid serious limitations here,

Two further desirdble features of MR are the
potential for smaller mass and volume per
unit cooling power. These features result
from using a solid working meterial instead
of a gas. The magnet/dewar combination is
more compact than the compressor system when
all but very small cooling powers are
required.

While many desirable features are possible
if magnetic refrigerators are successfully
developed, it :s apparent that a significant
number of problems must be solved before
success is attainable. Tl,ameterials and
heat transfer problems present certain
limitation that must be carefully handled
in any opLimized dasign. The pumps, drive
mntor~, and magnets present engineering
problems that must be overcom~ At this
time, the outlook for successful development
of MR is ●xcallent but a great deal of work
needs to be done,

NOMENCLATURE AND UNITS

Ac contact area (m2)

Cp fluid heat c~pacity (J/hgK)

i fluid flow rate(kg/s)

N~u number of heat transfer units In
regenerator (dimcnslonless)

ij rate of heat flow into refrigerator
from external source~ via
conduction, radtation, etc.



ac
Tc

TH

if

i

tiTOTAL

A31RR

ATc

Q

a

cooling power at Tc (W)

cold temperature (K)

hot temperature (K)

pouer introduced into refri erator
!system from external pumps H)

rate of work (w)

total rate of work from all sources
(w)

rate of irreversible entropy
. production (U/K)

adiabatic temperatures changa at
cold temperature (K)

efficiency (dimensionlessor %)

thermal conductance (W/m2K)
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